To examine the relationship between birth characteristics and childhood cancer mortality, a retrospective cohort study of Korean children was conducted using data collected by the national birth register between 1995 and 2006, which were then individually linked to death data. A cohort of 6,479,406 children was followed from birth until their death or until December 31, 2006. Poisson regression analyses were used to calculate rate ratios of childhood cancer deaths according to birth characteristics. A total of 1,469 cancer deaths were noted and the childhood cancer mortality rate was found to be 3.43 per 100,000 person-years in Korea during the period of 1995-2006. The birth characteristics examined in this study (i.e. , birth weight, gestational age, multiple births, parental ages, and number of siblings) were generally found to be not significantly associated with childhood cancer mortality, and the associations did not vary meaningfully with gender nor with cancer sites. However, among children aged 5-11 yr, higher birth weight was associated with elevated childhood cancer mortality (rate ratio = 1.28, 95% confidence interval 1.04-1.58). Our results offer no overall associations between childhood cancer mortality and birth characteristics, but suggest that the association may be specific to age group.
INTRODUCTION
Cancer is a leading cause of death among children in a majority of nations, with an estimated 161,000 new cancer cases and 87,000 cancer deaths among children aged 14 yr or below reported worldwide in 2007 (1) . However, few risk factors have been established for childhood cancer. Only a limited number of environmental factors, such as benzene and ionizing radiation have been strongly associated with the development of childhood leukemia, the most common childhood cancer (2) . The fact that childhood cancer is more likely to be triggered by prenatal factors has motivated studies of potential etiological roles of maternal and birth characteristics such as birth weight (3), parental age (4), gestational age (5), multiple births (6) , and number of siblings (7) . However, several previous investigations into risk factors related to birth characteristics have offered inconsistent results due to the varying ethnicities of study populations, geographical areas involved, study methods, and study periods.
Therefore, our objective was to investigate the association between birth characteristics and both overall and site-specific childhood cancer mortalities by using the national populationbased retrospective birth cohort data from 1995 to 2006 in Korea. This study is one of the largest cohort studies exploring relationships between birth characteristics and childhood cancers, enabling the simultaneous examination of a variety of site-specific childhood cancers.
MATERIALS AND METHODS
Data sources and study subjects Details of the study design and population have been previously described (8) . In brief, data from the national birth and death registration databases of Statistics Korea were used to establish a retrospective cohort of all children born between 1995 and 2006 in Korea. Records from the national birth registration database, based on mandatory parental reporting of birth to Statistics Korea, contain information on each child born (e.g., birth date, gender, area of residence, maternal parity, and personal identification number, along with birth characteristics such as birth weight and gestational age), and on its parents at the time of the birth of the child (e.g., age, marital status, education and occupation).
Of cords lacking a complete personal identification number (n = 364,539, 5.3%), an omission primarily due to administrative incompatibilities between the district offices at the place of residence and those at which the birth was registered, were excluded. A total of 6,479,406 records of live births which occurred between 1995 and 2006 in Korea were eventually obtained and linked to the national death registration database for the same period via their unique national personal identification numbers. These individuals were followed from birth until their death or until the end of the follow-up period (December 31, 2006). The individual linkage using personal identification numbers was conducted by Statistics Korea upon our request. For this study we used this merged data minus the personal identification numbers.
Cancer deaths and birth characteristics
The causes of death in the national death register are coded according to the 10th revision of the International Classification of Disease (ICD) (9) . We defined cancer deaths as cases marked with ICD codes C00-C97. Cancer deaths were categorized into the following groups: leukemia (C91-C95), central nervous system tumors (C70-C72), adrenal and other endocrine glands tumors (C74-C75), non-Hodgkin's lymphoma (C82-C85), kidney and other urinary organs tumors (C64-C68), liver tumors (C22), soft tissue tumors (C45-C49), eye tumors (C69), bone tumors (C40-C41), and all other cancers. For birth characteristics, we included gender, birth weight, gestational age, multiple births, parental ages at birth (for both father and mother), and the number of older siblings. The age of the mother at the time of delivery was grouped as ≤ 25 yr, 26-30 yr (reference group), and ≥ 31 yr. Paternal age was grouped as ≤ 30 yr, 31-35 yr (reference group), and ≥ 36 yr. Gestational age was grouped as < 37 weeks, 37-40 weeks (reference group), and ≥ 41 weeks. Birth weight was categorized as ≤ 2,999 g, 3,000-3,499 g (reference group), and ≥ 3,500 g. The number of older siblings was calculated by subtracting one from the maternal parity and grouped as zero (reference group), one, and two or more.
Statistical analysis
The total number of person-years was calculated by summing the number of days from the date of birth until the date of death or until the completion of the follow-up period (December 31, 2006) . Poisson regression analyses were used to estimate rate ratios (RRs) with 95% confidence intervals (95% CIs) of cancer deaths according to birth characteristics. We adjusted for the birth year of the children in all analyses account for any potential cohort effects due to rapid introduction of medical technologies or access to higher-quality medical facilities by birth year. To control for potential confounders, we also included variables for socioeconomic status, such as paternal occupation, maternal education, and location of birth, all of which showed a significant association with childhood cancer death in our previous study (8) . In addition, detailed analyses of cancer mortality by gender, age group (< 1, 1-4, 5-11 yr), and types of cancer were conducted separately. We further analyzed cancer mortality after excluding children aged < 1 yr to investigate the consistency of the observed associations. All tests of statistical significance were two-sided, and statistical analyses were performed using Stata 11.0 (StataCorp, College Station, TX, USA).
Ethics statement
Ethical approval by institutional review board was exempted since secondary data lacking personal identifiers were exclusively used.
RESULTS
The cohort contained 42,862,103 person-years of observation, from 1995 through 2006, and a total of 1,469 cancer deaths including 817 (55.6%) boys and 652 (44.4%) girls (Table 1) . Leukemia (n = 585, 39.8%) was the leading cause of cancer death, followed by central nervous system tumors (n = 344, 23.4%), adrenal and other endocrine glands tumors (n = 161, 11.0%) and non-Hodgkin lymphoma (n = 62, 4.2%). There were no major gender differences in the distribution of cancer death or in the mortality rate.
Overall, null findings of cancer death in children by birth characteristics were observed compared with their reference groups, except in the cases of girls whose mother aged 25 yr or below (RR = 1.26, 95% CI 1.05-1.53) and boys with a father aged 36 or above (RR = 1.24, 95% CI 1.00-1.53) ( Table 2 ). None of these associations, however, remain significant when the analyses were repeated excluding infants (data not shown). The associations did not meaningfully vary by gender. Although there were no major differences in the risk estimates by age group, the risk of childhood mortality increased with the highest birth weight (RR = 1.28, 95% CI 1.04-1.58) compared with the reference group among children aged 5-11 yr (Table 3) . For children aged < 1 yr, increased risks of cancer death were found for low birth weight (RR = 1.42, 95% CI 1.04-1.93), low gestational age (RR = 2.34, 95% CI 1.46-3.75), and multiple births (RR = 2.16, 95% CI 1.07-4.38). The age-specific results were not meaningfully different between boys and girls (data not shown). *RR, rate ratio adjusted for birth year and socioeconomic position variables (paternal job, maternal education, and location at birth). CI, confidence interval. None of the risk estimates between cancer deaths and birth characteristics were significant by cancer site (Table 4 ). The results were generally consistent across anatomical sites although varying magnitudes of association were observed. When the analyses were repeated excluding infants, the results were essentially similar, with no major gender differences (data not shown). An increased risk for leukemia with low birth weight (RR = 1.43, 95% CI 0.88-2.32) was observed among children aged < 1 yr and with high birth weight among children aged 5-11 yr (RR = 1.46, 95% CI 1.05-2.04) (data not shown).
DISCUSSION
Making use of nationwide retrospective birth cohort data, we uncovered no overall significant associations between childhood cancer mortality and birth characteristics. However, a small num-ber of birth characteristics were significantly linked with cancer mortality with specific age groups. Among children aged 5-11 yr, high birth weight was associated with an increased risk of cancer death. This is consistent with previous studies that have similarly reported high birth weight to be a risk factor (10) . Various mechanisms have been suggested to support the association between high birth weight and cancer risk, such as increased levels of insulin growth factor (11) , and the number of bone marrow cells (12) . Because birth weight is determined by a variety of factors, including in utero exposures, maternal characteristics, and biological or genetic influences (13) , it may be more likely to act as a proxy for multiple factors rather than as an independent cause of childhood mortality.
In contrast to the positive relationship between birth weight and childhood cancer risk among children aged 5-11 yr, a negative relation was observed among the infants in our study. Previous studies have reported that childhood cancer diagnosed in the first year of life has been reported to possess unique characteristics (14) and also showed increased risks of cancer with low birth weight (15) . Low birth weight could serve as a surrogate marker of other conditions, such as malnutrition or intrauterine growth-retardation. These may result in severe damage to a fetus which therefore may become more susceptible to other exposures and result in the promotion of cancer deaths, especially in the early phases of life.
In line with previous report (5), we found that children born prior to term are in general not at increased risk for developing childhood cancer. However, in this study children below one year of age showed an increased cancer death risk with shorter gestational age. Preterm birth may be an indicator of certain exposures on the part of the mother, such as tobacco use and/ or previous spontaneous abortions, and may also result from in utero exposure to specific diseases and medical procedures (16) . Thus, preterm birth may be strongly associated with the subsequent development of cancer death among infants.
Our results indicate that multiple births have no differential effect on the risk of overall cancer death compared with single births, in accord with previous study (17) . However, a significantly increased risk associated with multiple births was found in the case of infants. One potential explanation for this finding is the early death of multiple birth neonates, since infants from multiple-fetus pregnancies are generally smaller than those carried alone, and low birth weight in an infant is in turn associated, either directly or indirectly, with childhood mortality. In addition, the in utero environment for multiple gestations may well differ from that of singletons (18) .
Although some studies have suggested that the association of birth characteristics with childhood cancer risk differed with the age of children (19) , the positive findings observed in this study were mainly limited to infants and may be explained by the high fatality rate in infants. The early onset of childhood cancers is more suggestive of a prenatal genetic origin (20) . Cancer deaths triggered by congenital disorders are more likely to affect infants than older children. Furthermore, the rate of survival among infants was relatively lower compared with that of children one to 14 yr of age, although overall childhood cancer survival rates have increased (21) . The difference in the association between leukemia and birth weight by the age groups studied may be explained by the delayed immune responses to common exposures associated with birth weight (22) . Children with low birth weight whose socioeconomic backgrounds are likely to be substandard might have experienced a particular common exposure (e.g., infection) much earlier than those with higher birth weight, who are generally expected to experience the identical exposure at a later point in their development. However, a more direct indicator used in this study of such exposure (e.g., number of siblings) failed to show similar results.
We found that high paternal and low maternal age were statistically significantly associated with total cancer deaths in boys and in girls, respectively. Certain earlier studies discussed an elevated risk of particular childhood cancers associated with an older parental age at the time of delivery (23), whereas others did not offer evidence of any association between central nervous system malignancies and parental age at birth (24) . Older fathers may be more likely to have children with inheritablemutation disorders (25) . Children born to very young mothers may also experience hormonal imbalances and/or inadequate nutrition in utero that could account for our positive findings. However, the positive results became non-significant when we repeated our analysis on children of one year or more of age. Therefore, these findings would be more likely drawn from the high fatality rate of infant cancer cases.
The mortality rate of overall childhood cancer we observed was higher than in the United States (2.69 per 100,000 personyears during 1990-2004) (26) (29) . Although the calendar years and age structures differ, the childhood cancer mortality figures in our study may be comparable to those from other countries.
Certain limitations can be found in this study. First, we were unable to examine whether the relationship between cancer mortality and birth characteristics was due to incidence or survival. This would be especially relevant for leukemia, the leading childhood cancer in this study, where advances in medical treatment have proven to be effective in treating this malignancy. An association with cancer death can be explained by a direct effect of birth characteristics or by one or more confounders, such as socioeconomic status, which may influence access to medical treatment as well as birth characteristics. Although we did conduct analyses excluding infants in order to minimize survival effects and also controlled for certain variables of socioeconomic status during the analyses to minimize the effect of variable access to medical treatment, the potential for residual confounding cannot be excluded. Furthermore, we found the similar distribution of childhood cancer incidence with that of cancer death in general (30) . Second, birth and death certificates contain limited information on additional potential confounders such as maternal smoking and conception histories that may well contribute to cancer mortality. Third, a relatively minor proportion of the children (5.3%) were excluded from the study sample due to inexact personal identification numbers. If any association of birth characteristics with cancer mortality turned out to be elevated among those with missing personal identification numbers, then excluding these individuals from the analysis would have resulted in an association toward the null.
Despite such limitations, this study is among the largest studies based on a complete nationwide birth cohort with representativeness for childhood cancer mortality and birth characteristics ever undertaken in Korea. Therefore, the possibility of selection bias is unlikely and we were able to examine some less-common childhood cancers which have not been reported on in other childhood cancer studies. All of the information on birth characteristics was collected prior to outcome ascertainment, subsequently reducing concerns of different recall bias among cases and non-cases.
In conclusion, our results from nationwide retrospective birth cohort data do not generally support a significant role for birth characteristics in deaths from childhood cancers. However, the results differ somewhat by age groups.
